Hughes KJ, Chambers KT, Meares GP, Corbett JA. Nitric oxides mediates a shift from early necrosis to late apoptosis in cytokine-treated ␤-cells that is associated with irreversible DNA damage. Am J Physiol Endocrinol Metab 297: E1187-E1196, 2009. First published September 8, 2009 doi:10.1152/ajpendo.00214.2009.-For many cell types, including pancreatic ␤-cells, nitric oxide is a mediator of cell death; however, it is paradoxical that for a given cell type nitric oxide can induce both necrosis and apoptosis. This report tests the hypothesis that cell death mediated by nitric oxide shifts from an early necrotic to a late apoptotic event. Central to this transition is the ability of ␤-cells to respond and repair nitric oxide-mediated damage. ␤-Cells have the ability to repair DNA that is damaged following 24-h incubation with IL-1; however, cytokine-induced DNA damage becomes irreversible following 36-h incubation. This irreversible DNA damage following 36-h incubation with IL-1 correlates with the activation of caspase-3 (cleavage and activity). The increase in caspase activity correlates with reductions in endogenous nitric oxide production, as nitric oxide is an inhibitor of caspase activity. In contrast, caspase cleavage or activation is not observed under conditions in which ␤-cells are capable of repairing damaged DNA (24-h incubation with cytokines). These findings provide evidence that ␤-cell death in response to cytokines shifts from an early necrotic process to apoptosis and that this shift is associated with irreversible DNA damage and caspase-3 activation.
INSULIN-DEPENDENT DIABETES MELLITUS is an autoimmune disease characterized by the selective destruction of pancreatic ␤-cells found in islets of Langerhans (20) . Cytokines, released by invading leukocytes during insulitis, are believed to play a role in ␤-cell destruction (32, 41) . In rodent islets, the macrophagederived cytokine interleukin (IL)-1 is sufficient to impair insulin secretion and induce islet damage (10) . The destructive actions of IL-1 are augmented by IFN␥ and TNF (50) . In islets isolated from most mouse strains and humans, IL-1 and IFN␥ are the minimal combination of cytokines required to induce damage, and this damage is enhanced by TNF (2, 13, 23, 33) .
Nitric oxide plays a central role in regulating the response(s) of ␤-cells to cytokines. Cytokines stimulate the expression of the inducible isoform of nitric oxide synthase (iNOS) and the production of micromolar levels of nitric oxide by ␤-cells (9, 11, 15, 17, 48) . Nitric oxide reduces ␤-cell viability, as determined by the neutral red assay as well as 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay (49) . In addition, nitric oxide inhibits insulin secretion by attenuating the oxidation of glucose to CO 2 by inhibiting the activity of mitochondrial iron-sulfur center-containing enzymes such as aconitase and complexes of the electron transport system (15) . This results in a fourfold decrease in cellular ATP levels (18, 30) . Since glucose-stimulated insulin secretion requires the accumulation of ATP to close the ATP-sensitive K ϩ channels [depolarization and Ca 2ϩ -dependent exocytosis; (28, 37) ], reduction in ␤-cell mitochondrial function (and ATP accumulation) by nitric oxide is one mechanism by which cytokines inhibit ␤-cell function.
The inhibitory actions of IL-1 on ␤-cell function are reversible (8, 40) . The addition of a NOS inhibitor to islets pretreated for 18 -24 h with IL-1 (without removing IL-1) results in a time-dependent recovery of insulin secretion and mitochondrial function that is complete within 8 h (12) . The recovery response requires new gene expression and can be activated by nitric oxide (43) . Importantly, the ability of ␤-cells to recover from cytokine-and nitric oxide-induced damage is temporally limited. Following a 36-h exposure to IL-1, ␤-cells are no longer capable of recovering metabolic and secretory function, and the islets are committed to degeneration (44) .
Although we and others have shown that cytokines kill ␤-cells by nitric oxide-dependent necrotic mechanisms (7, 49) , other reports suggest that cytokine-induced death is apoptotic (29, 31, 39) . Similarly to pancreatic ␤-cells, nitric oxide has been implicated in both necrosis and apoptosis of multiple cell types (3, 4) . Importantly, it is possible for cells to recover from a necrotic injury if energy balance is restored (57) ; however, apoptosis is generally considered an irreversible process that leads to the targeted degradation of cellular components. The goal of apoptosis is to rid the organism of damaged or unwanted cells in the absence of inflammation. In this report, we address the possibility that cytokines and nitric oxide stimulate an early necrotic process (24 h ) that shifts to apoptosis following prolonged exposures to cytokines (36 h ). In support of this hypothesis, cytokine-mediated damage is reversible following 24-h incubation; however, prolonging the incubation for periods of 36 h or longer results in an irreversible inhibition of function and commitment to degeneration (44) . Consistent with these previous studies, we now show that ␤-cells have the ability to repair damaged DNA following a 24-h exposure to cytokines; however, DNA damage becomes irreversible following a 36-h cytokine exposure. The irreversible DNA damage correlates with caspase-3 cleavage and increased caspase-3 activity. These findings suggest that cytokine-induced ␤-cell death shifts from an early necrotic process (characterized by the ability of ␤-cells to recover metabolic function if energy balanced is restored) to a late apoptotic process that is associ-ated with irreversible damage to DNA and caspase-3 cleavage and activation.
EXPERIMENTAL PROCEDURES
Materials and animals. Male Sprague-Dawley rats (250 -300 g) were purchased from Harlan (Indianapolis, IN). RINm5F cells were obtained from Washington University Tissue Culture Support Center (St. Louis, MO). Human islet preparations were obtained from the Islet Cell Resource Centers at Joslin Diabetes Center (Boston, MA), City of Hope (Duarte, CA), and Washington University. RPMI 1640, CMRL-1066 tissue culture medium, L-glutamine, streptomycin, and penicillin were from GIBCO-BRL (Grand Island, NY). Fetal calf serum was from Hyclone Laboratories (Logan, UT). Human recombinant IL-1 and IFN␥ were purchased from PeproTech (Rocky Hill, NJ). Tunicamycin, staurosporine, and MTT were from Sigma (St. Louis, MO). BCA protein assay was purchased from Pierce (Rockford, IL). Caspase-3 fluorometric assay was obtained from R & D Systems (Minneapolis, MN) .
were purchased from Axxora (San Diego, CA). pRC-CMV bcl2 and pRC-CMV/bcl2.CB5 [restricted localization to endoplasmic reticulum (ER)] constructs were a generous gift of Dr. David Andrews (McMaster University, Hamilton, ON, Canada) and have been described previously (56) . Rabbit anti-active caspase-3 and rabbit anticaspase-3 were from Cell Signaling Technology (Beverly, MA). Guinea pig anti-insulin was from DakoCytomation (Carpinteria, CA). Horseradish peroxidase-conjugated donkey anti-rabbit antiserum and Cy3-conjugated donkey anti-rabbit antiserum were obtained from Jackson Immunoresearch Laboratories (West Grove, PA). Goat antiguinea pig Alexa fluor 488 was from Molecular Probes (Carlsbad, CA). All other reagents were obtained from commercially available sources. All animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham.
Islet isolation and cell culture. Islets were isolated from male Sprague-Dawley rats (250 -300 g) by collagenase digestion, as described previously (25) . Islets were cultured overnight in CMRL-1066 (containing 2 mM L-glutamine, 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, and 100 g/ml streptomycin) at 37°C under an atmosphere of 95% air and 5% CO 2 prior to experimentation. RINm5F cells were removed from growth flasks by treatment with 0.05% trypsin and 0.02% EDTA for 5 min at 37°C, washed twice with RPMI, and plated at the indicated cell densities. Human islets were cultured for 48 h at 37°C in complete CMRL-1066 tissue culture medium at an atmosphere of 95% air and 5% CO 2 prior to experimentation.
Nitrite determination. Nitrite production was determined by adding 50 l of the Greiss reagent to 50 l of culture supernatant (21) . The absorbance was measured at 540 nm, and nitrite concentrations were calculated using a sodium nitrite standard curve.
Cell viability. Cell viability was determined using the MTT assay as described previously (38, 49) . Rat islets (150 islets/400 l complete CMRL-1066) were washed with CMRL, and MTT was added (0.5 mg/ml). Following 1 h incubation, the islets were harvested by centrifugation. The islets were lysed with 200 l of isopropanol and incubated for 30 min at room temperature. The optical density was determined at a wavelength of 562 nm. Results are from three independent experiments and are presented as the percent of dead cells Ϯ SE compared with unstimulated controls.
Comet assay. DNA damage was assessed using the comet assay (single-cell gel electrophoresis) as described previously (47) . Briefly, cells were harvested and embedded in 0.6% low-melting agarose on slides precoated with 1.0% agar. Samples were then incubated in lysing solution (2.5 M NaCl, 100 mM EDTA, 10 mM Trizma base, 1% Triton X-100) overnight. The next day, the slides were incubated in an alkaline electrophoresis buffer (0.3 M NaOH, 1 mM EDTA, pH Ͼ13) for 40 min followed by electrophoresis at 25 V for 20 min. Slides were washed three times in 0.4 M Tris, pH 7.5, and stained with ethidium bromide (2 g/ml). Comet images were captured using a Nikon eclipse 90i, and the CASP program (27) was used to quantify the mean tail moment from 30 -50 cells/condition.
Caspase-3 activity. Following treatment, RINm5F cells, isolated rat islets, or human islets were washed and then lysed in 55 l of lysis buffer. Caspase-3 activity was determined using 50 l of the lysate following the manufacturer's protocol (Caspase-3 Fluorometric Assay Kit; R & D Systems). The relative fluorescence units were normalized to total protein content of the sample as determined by the BCA assay (Pierce). Treated samples are compared with unstimulated controls, and activity is presented as fold increase over control.
Immunocytochemistry. Islets were dispersed into single cells, as described previously (11) , and plated at a density of 5.0 ϫ 10 4 cells/400 l CMRL. Following the indicated treatments, islet cells were centrifuged onto microscope slides. Immunohistochemistry was performed as described previously (1) . Briefly, the cells were fixed in 3% paraformaldehyde for 30 min, permeabilized with 0.1% Triton X-100 and 0.1% sodium citrate for 2 min on ice, and then blocked with 10% goat serum (1ϫ PBS) for 30 min. Cleaved caspase-3 and insulin were identified using rabbit anti-active caspase-3 (1:200 dilution) and guinea pig anti-insulin (1:100 dilution). Cy3-conjugated donkey anti-rabbit and goat anti-guinea pig Alexa fluor 488 were used as secondary antibodies (1:200 dilutions). Immunocytochemistry images were generated using a Nikon Diaphot 200 inverted microscope fitted with a fluorescence upgrade (human islets) and a Nikon 90i upright microscope (rat islets) and were taken at ϫ20 magnification.
Transfection. RINm5F cells were transiently transfected using the Amaxa Nucleofect electroporator (Amaxa Biosystems, Gaithersburg, MD). RINm5F cells were removed from growth flasks by treatment with 0.05% trypsin and 0.02% EDTA for 5 min at 37°C, washed two times with RPMI 1640, and incubated for 1 h at 37°C in a 50-ml conical tube. The cells (2.0 ϫ 10 6 /ml) were harvested by centrifugation and resuspended in 100 l of Amaxa buffer V. Two micrograms of pRC-CMV (vector) or pRC-CMV.bcl2 Ϯ 2 g of pEGFP were added to the cells, and electroporation was performed using program G-016. Immediately following electroporation, cells were placed in medium and aliquoted into a 24-well tissue culture to give a final volume of 2.0 ϫ 10 5 cells/400 l RPMI. Cells were incubated overnight at 37°C and washed three times with RPMI the next day. Cells were cultured in 400 l of fresh RPMI 1640 for an additional 24 h prior to experimentation. Using this method, we routinely achieve transfection efficiencies of ϳ50 -70% (determined by enhanced green fluorescent protein expression).
Real-time PCR. RNA was isolated using the RNeasy kit (Qiagen). cDNA synthesis was performed using oligo(dT) and reverse transcriptase Superscript Preamplification System according to the manufacturer's instructions (Invitrogen). Real-time PCR was performed using the Light Cycler 280 (Roche Applied Biosciences) to detect SYBR Green incorporation according to the manufacturer's instructions. The fold increase of p53 upregulated mediator of apoptosis (PUMA) mRNA accumulation was normalized to the housekeeping gene GAPDH. Primer sequences were as follows: PUMA primers: forward 5Ј-GCACTGATGGAGATACGGACTTG-3Ј, reverse 5Ј-ATGAAG-GTGAGGCAGGCATTGC-3Ј; and GAPDH: forward 5Ј-GCTGG-GGCTCACCTGAAGGG-3Ј, reverse 5Ј-GGATGACCTTGCCCA-CAGCC-3Ј.
Statistics. Statistical comparisons were made between groups using one-way ANOVA. Significant differences between groups, cytokinetreated samples compared with cytokine-treated samples plus L-NMMA (P Ͻ 0.05), were determined by Newman-Keuls post hoc analysis.
RESULTS

IL-1 induces rat islet degradation and rat islet cell death.
IL-1 induces the death of 33% of islet cells following 48-h incubation, as determined by the MTT assay (Fig. 1A) . IL-1-induced death correlates with a threefold increase in nitrite production (following the 48-h incubation), and both islet cell death and nitric oxide production are attenuated by L-NMMA (Fig. 1A) . The biochemical measurements of islet cell death (MTT) correlate with the morphological degeneration of islets. IL-1 induces islet cell sloughing (first apparent following a 48-h incubation; data not shown) and islet degeneration into single cells or clusters of cells following 4-day incubation (day 4 of IL-1 treatment shows islet degeneration into fragments or clusters of cells; Fig. 1B , upper middle, inset). There are a limited number of intact islets (Ͻ10%; data not shown) (12) that appear opaque and display significant sloughing of cells following 4-day incubation (Fig. 1B) . Following 7-day incubation, IL-1 causes the islets to completely degenerate into single cells or clusters of cells. Importantly, when the NOS inhibitor L-NMMA is cocultured for the entire 4 -7 days with IL-1, islet degeneration is completely prevented.
In previous studies, we have demonstrated that ␤-cells have a limited ability to recover metabolic and secretory function following cytokine-mediated damage (44) . Consistent with the recovery of oxidative metabolism, islets maintain a normal morphology and do not degenerate when L-NMMA is added 24 h after the addition of IL-1 and continued culture for an additional 72 h in the presence of both IL-1 and L-NMMA (Fig.  1B) . In contrast, the addition of L-NMMA to islets treated for 36 h with IL-1 and the incubation continued for a total time of 96 h results in islet degeneration (degeneration into single cells and small clusters of cells; Fig. 1B , bottom right, inset). These findings suggest that multiple pathways are responsible for cytokine-induced ␤-cell death. There is an early induction of a necrotic-like process that is reversible if energy balance is restored, in this case, by the removal of nitric oxide from the system using L-NMMA. This is followed by a later, second event that is irreversible and seems to commit ␤-cells to death. This second pathway occurs following a 36-h incubation with IL-1 (Fig. 1B, bottom) .
Repair of cytokine-mediated DNA damage. The comet assay was used to explore the integrity of islet DNA in response to IL-1 and nitric oxide. Although previous studies have shown that cytokines induce DNA damage in rat, mouse, and human islets, it is unclear whether ␤-cells have the capacity to repair this damage (16) . Treatment of insulinoma INS 832/13 cells for 24 or 36 h with IL-1 results in a 2.5-and fourfold increase in DNA damage, respectively ( Fig. 2A) . When cocultured with IL-1, L-NMMA completely prevents this DNA damage, indicating that it is mediated by nitric oxide. To examine whether DNA damage can be repaired, L-NMMA was added to INS 832/13 cells treated for 24 or 36 h with IL-1, and the cells were cultured for an additional 12 h with both the cytokine and NOS inhibitor. As evidenced by a mean tail moment similar to those in the untreated control, INS 832/13 cells completely repair damaged DNA when L-NMMA is added 24 h after the addition of IL-1 ( Fig. 2A and representative images of comets in Fig.  2B, right) . The repair of damaged DNA is time dependent with half-maximal repair after 3 h and complete repair after 8-h incubation with L-NMMA (Fig. 2C) . Following 36-h incubation with IL-1, the addition of L-NMMA does not restore the mean tail moment to that of the control, indicating that the damaged DNA is not repaired (Fig. 2A ). This temporally correlates the inability to repair damaged DNA with the irreversible inhibition of oxidative metabolism and secretory function (44) and a commitment of islet degeneration (Fig. 1B) .
To determine whether the repair of damaged DNA requires the presence of IL-1, INS 832/13 cells were treated for 1 h with the nitric oxide donor DEA-NO. The cells were washed to remove the nitric oxide and cultured for an additional 5 h in the absence of nitric oxide. DNA damage was determined follow- ing the 1-h incubation with DEA-NO and compared with the 5-h recovery period using the comet assay. As shown in Fig.  2D , DEA-NO stimulates DNA damage, as indicated by aprroximately sevenfold increase in the mean tail moment. Removal of nitric oxide by washing and continued culture for 5 h results in the complete repair of INS 832/13 cell DNA. These findings indicate that nitric oxide can directly induce islet cell DNA damage and that nitric oxide, or the DNA damage induced by nitric oxide, is sufficient to activate the biological pathways responsible for DNA repair.
Similarly to the DNA repair observed in INS 832/13 cells, rat (Fig. 3A) and human islets (Fig. 3B ) are also capable of repairing DNA damaged by nitric oxide. Treatment of rat islets with IL-1 or human islets with IL-1 and IFN␥ for 24, 36, or 48 h results in nitric oxide-dependent DNA damage since it is prevented by coincubation with L-NMMA. Human islets require multiple cytokines for the induction of iNOS. Alone, IL-1 fails to stimulate iNOS expression, whereas IL-1 plus IFN-␥ is the minimal combination of cytokine required to stimulate iNOS expression and nitric oxide production by human islets (13) . Under repair conditions (gray bars), L-NMMA is added after a 24-, 36-, or 48-h incubation with cytokines, and the islets are cultured for an additional 12 or 24 h with the NOS inhibitor and cytokines. Rat and human islets maintain the ability to repair damaged DNA if L-NMMA is added 24 h after the addition of cytokine; however, DNA is damaged irreversibly following 36-h incubation with cytokines because L-NMMA addition does not stimulate rat and human islet DNA 1(N,N-diethylamino) diazen-1-ium-1,2-diolate (DEA-NO; 500 M) for 1 h. DEA-NO was removed by washing, and the cells were allowed to recover for an additional 5 h. D: the comet assay was used to quantify DNA damage following the 1-h exposure to DEA-NO and after the 5-h recovery (gray bar). Results are the average Ϯ SE of 3 independent experiments. Statistically significant increases in mean tail moment vs. control are indicated (*P Ͻ 0.05). Fig. 3 . Repair of rat and human islet DNA. Rat (A) and human islets (B) were treated with IL-1 (10 U/ml) or a combination of cytokines (75 U/ml IL-1 and 750 U/ml IFN␥), respectively, for 24, 36, or 48 h in the presence (ϩ) or absence of L-NMMA (black bars). DNA damage was quantified by comet assay (black bars). The repair of DNA damage (repair; gray bars) was examined in islets treated for 24 or 36 h with IL-1 (rat; A) or the cytokine mixture (human; B), and L-NMMA was added and the islets were cultured for an additional 12 (A) or 24 h (B) with both the cytokines and L-NMMA. DNA damage was determined using the comet assay. Results are the average Ϯ SE of 3 independent experiments. The induction of DNA damage (vs. control) and the repair of this damage at 24 h are statistically significant (*P Ͻ 0.05).
repair (Fig. 3) . These findings correlate the inhibition of DNA repair (Figs. 2 and 3) with the irreversible inhibition of oxidative metabolism and secretory function (44) and a commitment of islets to morphological degeneration (Fig. 1B) following a 36-h incubation with cytokines. In contrast, islets have the ability to overcome the damaging actions of 24-h incubation with cytokines on insulin secretion and metabolic function (14, 43, 44) and to repair damaged DNA (Fig. 2A) . These findings suggest that there is a shift in the response of islets to cytokineinduced nitric oxide production from an early (24 h) recovery/ repair response that is followed by irreversible damage (36 h).
Time-dependent effects of IL-1 on nitric oxide production by RINm5F cells. As shown in Figs. 1 and 2 and in previous publications (10, 16, 52) , nitric oxide mediates the inhibitory actions of cytokines on oxidative metabolism and insulin secretion and induces DNA damage. Nitric oxide is also an endogenous inhibitor of caspase activity (26, 42) , and we have shown that exogenously supplied nitric oxide inhibits ER stress-induced caspase-3 activity in insulinoma cells (5) . To examine whether the shift to irreversible islet damage following prolonged cytokine treatment correlates with changes in nitric oxide production, the time-dependent accumulation of nitrite was examined using insulinoma RINm5F cells (Fig. 4A ) and rat islets (Fig. 4B) . IL-1 stimulates the time-dependent accumulation of nitrite that is linear for the first 24 h (Fig. 4) . After 36-to 48-h incubation, a minimal amount of additional nitrite accumulates above the levels observed at 24 h. To determine whether nitrite accumulation reflects the rates of nitric oxide production, islets were treated for 24 and 36 h with IL-1, and the islets were washed two times and then incubated for an additional 2 h in fresh prewarmed medium. Nitrite accumulation during the 2-h exposure was used to quantify rates of nitrite production. At 24 h, the rate of IL-1-induced nitrite formation was 3 Ϯ 0.4 pmol nitrite ⅐islet Ϫ1 ⅐h Ϫ1 , whereas at 36 h nitrite was produced at a rate of 0.5 Ϯ 0.07 pmol ⅐islet Ϫ1 ⅐h Ϫ1 (results are the average Ϯ SE of 3 independent experiments; P Ͻ 0.05). These findings correlate a reduction in the rate of cytokine-induced nitric oxide production at 36 h with the irreversible inhibition of ␤-cell function and a commitment of islets to degeneration.
Cytokine-induced caspase-3 cleavage in human islets. To examine whether the irreversible inhibition of ␤-cell function correlates with a shift in the type of death from necrosis to apoptosis, we examined the effects of cytokines and NOS inhibitors on caspase-3 cleavage and activity in dispersed human islets. Treatment of human islets for 36 h with IL-1 plus IFN␥ results in caspase-3 cleavage (red immunofluorescence staining; Fig. 5A ) in insulin-containing cells (green immunofluorescence). The cleavage of caspase-3 was not observed following a 24-h incubation with cytokines or in human islets cocultured with L-NMMA and the cytokine combination for 24, 36, or 48 h (49). Although we observe caspase-3 cleavage in human islets treated for 36 h with cytokines, the enzymatic activity of this executioner of apoptosis is similar to the levels detected in untreated control islets. This appears to reflect the ability of nitric oxide to inhibit caspase-3 activity, because the addition of L-NMMA to the islets treated for 36 h with cytokines and continued culture for an additional 18 h results in a twofold increase in measurable caspase-3 activity (Fig.  5B) . In contrast, caspase-3 activity was not detectable in islets cocultured with cytokines and L-NMMA (24 or 36 h), islets incubated for 24 h with cytokines, and islets cultured for 24 h with cytokines and an additional 18 h with cytokines and L-NMMA (Fig. 5C and data not shown). As a positive control for caspase activation, the effects of a 24-h incubation with the ER stress inducer tunicamycin on caspase-3 activity in human islets are shown (Fig. 5B) .
Cytokine stimulation of caspase-3 activity in rodent islets. Since reports have suggested that there is a species difference in the response of islets to cytokines, we examined whether IL-1 stimulates caspase-3 activity in rat islets and RINm5F cells in a temporal fashion that correlates with the irreversible inhibition of ␤-cell function following a 36-h treatment. Consistent with the response of human islets to a combination of cytokines, increased activity of caspase-3 was not observed in RINm5F cells treated for 24 or 36 h with IL-1. However, the addition of L-NMMA to islets treated for 36 h with IL-1 followed by an additional 8 h of culture results in a twofold increase in caspase-3 activity (Fig. 6A ). Caspase-3 activity is not increased in RINm5F cells treated for 24 h with IL-1 followed by an additional 8 h of culture in the presence of L-NMMA. In addition, we fail to observe cytokine-induced caspase-3 activity in RINm5F cells cocultured with IL-1 and L-NMMA for 24 or 48 h (Fig. 6A) (49) .
Like human islets and RINm5F cells, treatment of rat islets for 36 h with IL-1 and then an additional 8 h with L-NMMA in addition to IL-1 results in an increase in caspase-3 activity (Fig. 6) . Consistent with caspase-3 activity, a 36-h incubation with IL-1 results in the cleavage of caspase-3 [determined by histochemistry, insulin (green), and cleaved caspase-3 (red); Fig. 6C ]. In contrast, 24-h incubation with IL-1 or coculture of islets with IL-1 and L-NMMA fails to induce caspase-3 cleavage in rat islet cells (Fig. 6C and data not shown) . Caspase-3 activity is also not observed in rat islets following 24-h incubation with IL-1 or 24 h with IL-1 plus 8 (Fig. 6B) or with L-NMMA (data not shown). This is consistent with human islets where caspase-3 is cleaved in response to 36-h cytokine treatment, but caspase-3 activity is not observed at this time point (Fig. 5) . The apparent absence of caspase-3 activity following a 36-h cytokine exposure can be attributed to the inhibition of caspase-3 activity by nitric oxide. The inhibition of nitric oxide generation by the addition of L-NMMA to islets treated for 36 h with cytokines and continued culture with cytokines and L-NMMA for 8 (Fig. 6) or 18 h (Fig. 5 ) results in an increase in caspase-3 activity. These findings indicate that the activation of caspase-3 in response to treatment of rodent islets and insulinoma cells with IL-1 is similar to the actions of cytokines on caspase-3 activation observed in human islets.
Nitric oxide inhibits IL-1-induced caspase-3 activation. Evidence presented in Figs. 5 and 6 correlates a decrease in nitric oxide production with an increase in caspase-3 activity in islets treated for 36 h with cytokines. To provide further evidence that nitric oxide regulates caspase-3 activity, RINm5F cells were exposed to IL-1 for 36 h, L-NMMA was then added, and the cells were cultured for an additional 8 h. Under these conditions, caspase-3 activity is enhanced twofold compared with the levels stimulated by IL-1 alone (this value is set at 100% caspase activation; Fig. 7) . Importantly, the addition of exogenous nitric oxide using the donor DEA-NO followed by an additional 2-h incubation results in ϳ60% inhibition of caspase-3 activity (Fig. 7) . These findings provide evidence that nitric oxide, exogenously added back to the cultures using the donor DEA-NO, can attenuate increases in caspase-3 activity in cytokine-treated RINm5F cells.
Expression of Bcl-2 attenuates caspase-3 activation. To further explore the mechanisms responsible for caspase-3 activation, the effects of increased Bcl-2 expression on IL-1-induced caspase-3 activation were examined using RINm5F cells. As shown in Fig. 8 , IL-1-induced caspase-3 activity in cells treated for 36 h with IL-1 followed by an additional 8 h with both IL-1 and L-NMMA is attenuated in cells transfected with a plasmid expressing Bcl-2. As a positive control, we show that Bcl-2 expression attenuates the activation of caspase-3 in response to 12-h incubation with the ER stress inducer tunicamycin. To further explore the role of mitochondrial-directed apoptosis, the effects of IL-1 on PUMA expression were evaluated. PUMA stimulates mitochondrial-directed apoptosis by sequestering Bcl-2 (53). Consistent with the suppression of caspase-3 activity in cells overexpressing Bcl-2 (Fig. 8A) , incubation of INS 832/13 cells with IL-1 for 36 h results in a threefold increase in PUMA mRNA accumulation (Fig. 8B) . IL-1 does not stimulate PUMA mRNA accumulation at 24 or 30 h, consistent with an absence of caspase-3 cleavage (Figs. 5 and 6 ). These results provide additional information Fig. 5 . Cytokines induce caspase-3 cleavage and activity in human islets. Dispersed human islet cells were pretreated with IL-1 (75 U/ml) and IFN␥ (500 U/ml) for 36 h (cyto 36-h condition) or pretreated with the cytokines for 36 h, followed by the addition of L-NMMA and continued culture for an additional 18 h (cytokines were not removed). A: the human islet cells were centrifuged onto slides, and cleaved caspase-3 (red) and insulin (green) were detected by immunocytochemistry. B and C: human islets (100 islets/400 l CMRL) were pretreated with the cytokines (cyto) IL-1 (75 U/ml) ϩ IFN␥ (500 U/ml) for 24 (black bars) or 36 h (open bars) or treated with the cytokine mix for 24 or 36 h, followed by the addition of L-NMMA (2 mM) and continued culture for 18 h [in the presence of the cytokines and nitric oxide synthase (NOS) inhibitor; cyto ϩ L-NMMA 18 h]. The islets were harvested, and caspase-3 activity was determined on the cell lysate (B), and nitrite formation was determined from the culture supernatants (C). As controls, caspase-3 activity was examined on human islets treated with tunicamycin (2 g/ml) for 24 h (positive control), and human islets were cocultured with cytokines ϩ L-NMMA. Results are representative of 2 independent experiments (A) or the average Ϯ SE of 3 independent experiments (B and C). Statistically significant increases in caspase-3 activity and nitrite production compared with untreated controls are as indicated (*P Ͻ 0.05).
that the cellular damage caused by nitric oxide results in the activation of caspase-3 by a pathway consistent with mitochondrial-directed apoptosis.
DISCUSSION
There is considerable debate regarding the mechanisms of cytokine-induced ␤-cell death as well as the general mechanisms by which nitric oxide kills cells. Much of this debate is centered on the type of death (necrosis vs. apoptosis) and the pathways responsible for directing each of these types of cell death (7, 18, 31, 34, 49) . In reviewing the literature, it is possible to find reports that support a role for nitric oxide as a mediator of both necrosis and apoptosis in similar cell types and experimental systems (6) . Much of this confusion is based on the methodologies used to examine apoptosis and necrosis and the net outcome of each of the death responses. Apoptosis, an active process that requires ATP, results in an ordered degradation and packaging of unwanted cells in a noninflammatory process. Importantly, once activated, the apoptotic program of cell death is primarily irreversible (51) . In contrast, necrotic cell death is a proinflammatory process that results in the dissolution of cells and the uncontrolled release of cellular constituents. In contrast to apoptosis, it is possible to recover from insults that stimulate necrotic cell death if the insult is removed and cellular energy balance restored before the loss of membrane integrity (57) .
In this report, we address the possibility that cytokines and nitric oxide induce both necrosis and apoptosis in ␤-cells and that the type of cell death is regulated by the rate of nitric oxide production and the extent of cellular damage mediated by nitric oxide. It has long been known that cytokines (such as IL-1 in the rat and IL-1 ϩ IFN␥ in human islets) stimulate ␤-cell expression of iNOS and production of nitric oxide; however, the role of nitric oxide in cytokine-induced islet cell death has been debated (18, 22, 29, 31) . Using biochemical and morphological assays of islet viability, we show that IL-1 induces islet degeneration and ␤-cell death in a nitric oxide-dependent manner. Importantly, if cytokines were to induce apoptosis, then induction of this type of death would likely be irreversible. In a series of studies, we have shown that pancreatic ␤-cells have the ability to recover from the inhibitory actions of IL-1 (12, 44, 45) . The addition of a NOS inhibitor to islets (rat, mouse, and human) cultured for 24 h with cytokines and continued culture for 8 h (in the presence of the cytokines) results in a complete recovery of metabolic and secretory function (12) . Importantly, this recovery occurs in the presence of cytokines, indicating that the damaging actions of cytokines are mediated by nitric oxide. Similar to metabolic function, ␤-cells have the ability to repair damaged DNA if nitric oxide is removed from the system (in this case using a NOS inhibitor). The ability to repair DNA damage is temporally limited, since ␤-cells are not capable of repairing damage to islet DNA The presence of active caspase-3 was examined by immunohistochemistry using antibodies specific for cleaved caspase-3 (red), insulin (green), and 4Ј,6-diamidino-2-phenylindole (DAPI; blue). Results are the average Ϯ SE of at least 3 independent experiments. Statistically significant increases in caspase-3 activity compared with untreated controls are as indicated (*P Ͻ 0.05).
when incubated with cytokines for periods of 36 h or longer. The irreversible inhibition of function and permanent DNA damage following 36-h incubation correlates with a commitment of islets to degeneration. These findings suggest that nitric oxide mediates cytokine-induced cell death and that the type of cell death early in cytokine treatment (first 24 -36 h) is by a process that is reversible, such as the events leading to the progression to necrosis. Consistent with this interpretation, biochemical and molecular evidence support necrosis as the mechanisms by which cytokines induce nitric oxide-dependent ␤-cell death following short exposures (7, 49) . There are a number of reports suggesting that cytokines stimulate ␤-cell apoptosis (reviewed in Ref. 31); however, most of these studies have not examined the caspase dependence of cell death, nor have these studies included positive controls such as classical apoptosis inducers (camptothecin or etoposide) to compare death by apoptosis with death induced by cytokines. In the few studies where these controls have been performed (5, 7, 49) , cell death in response to short exposures to cytokines (IL-1 or IL-1 ϩ IFN␥) for 24 h is prevented by inhibitors of iNOS, occurs in the absence of increases in caspase-3 cleavage or activity, and is associated with reduced ATP content, and the level of cell death is not modified by inhibitors of caspase-3. In contrast, induction of apoptosis in response to camptothecin or etoposide is dependent on caspase-3 activation and is associated with four-to eightfold increases in caspase-3 activity (5, 7, 49) .
When the culture with IL-1 continues for periods of 36 h or longer, ␤-cells lose the ability to recover metabolic function (44) and to repair damaged DNA (Figs. 2 and 3) . Since apoptosis is a regulated, primarily irreversible process, we examined whether cytokine-induced death shifts from necrosis to apoptosis by evaluating caspase activation. As discussed above, cytokines fail to stimulate caspase-3 cleavage or activity in rat and human islets or insulinoma cells following a 24-h incubation (7, 49) . We now show that caspase-3 is cleaved in human islets treated for 36 h with a combination of IL-1 and IFN␥ and rat islets treated with IL-1; however, this caspase cleavage is not associated with an increase in caspase-3 enzymatic activity. In contrast, there is a twofold increase in caspase-3 activity when a NOS inhibitor is added and the islets are cultured for an additional 8 -18 h. Nitric oxide is a known inhibitor of caspase activity due to S-nitrosation of active-site cysteine resides (26, 42) , thus preventing the detection of caspase-3 activity in cytokine-treated islets. Although the rate of nitric oxide production in islets treated for 36 h with cytokines is reduced sixfold, nitric oxide is still produced to levels sufficient to inhibit caspase-3 activity. In support of this conclusion, the addition of a NOS inhibitor to islets treated for 36 h with cytokines followed by an additional 8 -18 h of incubation (with both the cytokine and NOS inhibitor) results in a twofold increase in caspase-3 activity. Under these con- Fig. 7 . DEA-NO attenuates IL-1-induced caspase-3 activity. RINm5F cells (2.0 ϫ 10 5 cells/400 l RPMI) were pretreated with 10 U/ml IL-1 for 36 h. L-NMMA (2 mM) was added, and the cells were cultured for an additional 8 h, and caspase activity was determined and set at 100%. To determine whether exogenous nitric oxide inhibits caspase activation under these conditions, DEA-NO (500 M) was added following the cytokine and L-NMMA incubations, and the cells were cultured for an additional 2 h followed by determination of caspase-3 activity. Results are the average Ϯ SE of 3 independent experiments (statistically significant inhibition; *P Ͻ 0.05). A: RINm5F cells (2.0 ϫ 10 6 cells) were transiently transfected with 2 g of pRC-CMV (vector) or pRC-CMV.bcl2 (Bcl-2) and cotransfected with pEGFP to determine transfection efficiency (Ͼ70%). Forty-eight hours later, 10 U/ml IL-1 was added, and the cells were incubated for 36 h with IL-1 or 36 h with IL-1 followed by the addition of L-NMMA and continued culture for 8 h (IL-1 ϩ L-NMMA 8h). Following these incubations the cells were harvested, and caspase-3 activity was determined. Cells treated with tunicamycin (2 g/ml) for 36 h are shown as a positive control for caspase activation, and the inhibitory actions of L-NMMA, when coincubated with IL-1, on caspase activity following a 36-h treatment are shown. B: INS 832/13 cells were treated for the indicated times with 10 U/ml IL-1 in the presence or absence of L-NMMA, the cells were isolated, and PUMA mRNA accumulation was determined by real-time PCR. mRNA levels were normalized to the levels of GAPDH. PUMA induction following 24-h incubation with camptothecin is shown as a positive control. Results are the average Ϯ SE for 3 independent experiments. Statistically significant inhibition of caspase-3 activity by Bcl-2 and induction of PUMA vs. control is indicated (*P Ͻ 0.05).
ditions, caspase-3 activity can be inhibited by the exogenous addition of nitric oxide using DEA-NO.
It is not intuitive to envision that an inflammatory molecule such as nitric oxide would be capable of activating classical apoptotic cascades. However, the absence of caspase activity in islets cotreated for 36 or 48 h with cytokines and L-NMMA indicates that nitric oxide is required for caspase activation. Although nitric oxide itself inhibits caspase activity, we hypothesize that the damage to DNA and the inhibition of metabolic function (42) induced by nitric oxide may participate in the induction of caspase-3 activation and that apoptosis is mitochondrial directed. In support of the later conclusion, we show that Bcl-2 overexpression attenuates caspase-3 activity and that cleavage of caspase-3 correlates with the expression of the proapoptotic factor PUMA (Fig. 8) . It is well known that nitric oxide induces oxidative DNA damage in multiple cell types, including pancreatic ␤-cells (16, 54, 55) . In this study, we have correlated caspase-3 activation with irreversible DNA damage and PUMA expression, and this caspase-3 activity can be attenuated by Bcl-2 expression in insulinoma cell lines.
Our findings suggest that it is possible that cytokines are capable of killing islet cells by both necrotic and apoptotic pathways. The induction of death responses is mediated by nitric oxide, because cytokines do not damage ␤-cells in the absence of nitric oxide production. Early in response to cytokines, nitric oxide is produced at high levels, leading to disruption in the energy balance of ␤-cells and the induction of a necrotic death process. As nitric oxide-mediated damage becomes more extensive, and as the cellular damage becomes irreversible, the process by which islet cells die shifts from necrosis to apoptosis. This shift correlates with extensive and irreversible DNA damage (current study), irreversible inhibition of oxidative metabolism, protein synthesis, and insulin secretion (44) . This hypothesis may explain why some laboratories have observed ␤-cell apoptosis following prolonged incubation (3-7 days) of islets with cytokines (31) , and other laboratories support necrosis as the mechanism of cytokineinduced ␤-cell death in response to short exposures of 24 h (7, 49) . A key step in unraveling the mechanisms of cytokineinduced nitric oxide-dependent ␤-cell death will be to determine how this shift in the form of death is regulated. We hypothesize that understanding the molecular regulation of DNA repair following nitric oxide-mediated damage will provide insights into the mechanisms controlling this shift from necrosis to apoptosis. One potential target may be p53, a DNA repair enzyme that participates in the regulation of cell fate (19, 36) . In support of this target, nitric oxide has been shown to stimulate p53 expression/activation (24, 35) , and recent evidence suggests that nitric oxide-dependent apoptosis may be p53 dependent (46) .
